Introduction
Cellular immune responses are mediated in part by cytotoxic T lymphocytes that recognize peptide molecules bound to human leukocyte antigen (HLA) on the surface of antigen-presenting cells. HLA molecules are extremely polymorphic 1 and most of their variation is centered within the peptide-binding grooves that accommodate the primary anchor positions of the peptides displayed for immune recognition. 2 Discovery of HLA supertypes almost a decade ago offered a simplification of diverse HLA nomenclature by consolidating individual HLA class I and II alleles into fewer supertype clusters based on functional or predicted structural similarities in epitope-binding specificities of HLA molecules. 3 HLA alleles belonging to each particular supertype have either experimentally proven or predicted ability to present antigenic peptides with similar anchoring amino acids at the second (B-pocket) and C-terminal (F-pocket) positions of the peptide molecules. 4 Although HLA class I and II supertypes have been increasingly studied in association with immune susceptibility to infection [5] [6] [7] and cancer, 8, 9 the significance of individual allele mismatching within and outside of HLA class I or II supertypes remains unknown in the context of allogeneic hematopoietic cell transplantation (alloHCT).
Recent encouraging outcomes in fully HLA-matched unrelated donor (MUD) HCT 10, 11 have contributed in part to the steady rise of MUD allografts that now outnumber related donor transplants reported annually to the Center for International Blood and Marrow Transplant Research (CIBMTR). Allografts mismatched at a single HLA-A, -B, -C, or -DRB1 locus [i.e. 7/8 mismatched unrelated donor (MMUD) HCT] were previously reported to be associated with lower overall and disease-free survival, higher treatment-related mortality, and more acute graft-versus-host disease (GVHD) compared to outcomes of 8/8 MUD allografts. [12] [13] [14] Despite these risks, 7/8 MMUD grafts remain a viable option for HCT, particularly in minorities who lack suitable donors or in patients with aggressive hematologic malignancies for whom the risks of disease progression due to delays in identifying optimal donors 15 is offset in part by the benefits of earlier transplantation with a 7/8 MMUD alloHCT.
Although multiple strategies have been sought to identify "permissible mismatches" associated with improved outcomes of a single-allele MMUD HCT, 13, [16] [17] [18] [19] the clinical significance of clustering mismatched alleles within HLA class I or II supertypes has not been established. We therefore conducted a large registry analysis of the CIBMTR database of single-allele mismatched myeloablative allografts to determine whether HLA class I or II supertype mismatching is associated with worse outcomes after 7/8 MMUD alloHCT.
Methods

Study design and patient selection
The study base population consisted of 2218 recipients of myeloablative conditioning followed by 7/8 HLA MUD bone marrow or peripheral blood stem cell allografts for acute myeloid leukemia, acute lymphoblastic leukemia, chronic myeloid leukemia, and myelodysplastic syndrome between 1999 and 2011. The patients' data were reported to the National Marrow Donor Program (NMDP)/CIBMTR, and subjects were excluded if: (i) they did not consent to participate (n=55); (ii) they had fewer than 100 days of post-transplant follow up (n=11); (iii) their disease status prior to alloHCT was missing (n=32); or (iv) they had undergone ex vivo T-cell depletion (n=186). Recipients of prior HCT were excluded. Allografts performed for lymphoid malignancies and non-malignant disorders were also excluded in order to enhance the overall homogeneity of the study population. All eligible adult and pediatric study participants (n=1934) from 175 transplant centers and 16 countries provided informed consent to participate in NMDP/CIBMTR research. This was a retrospective observational study approved by NMDP/CIBMTR's Institutional Review Board. Standard methods of NMDP/CIBMTR data analysis were used to mitigate any bias related to exclusion of non-consenting study candidates. 12 HLA class I and II typing and supertype assignment High-resolution allele-level typing at HLA-A, -B, -C, and -DRB1 loci was performed through the NMDP's high-resolution HLA typing project according to well established and validated DNAbased techniques as previously reported. 20 Single allele mismatch at HLA-A, -B, -C, or -DRB1 was defined as a "7/8 match". The assignment algorithm for HLA-A and -B supertypes (Online Supplementary Table S1 ) was based on an updated supertype classification with revised main HLA anchor specificities. 21 This method extends the previously described nine HLA-A and -B supertype designations 3 (A1, A2, A3, A24, B27, B44, B58, and B62) to 12 supertype groups (A01, A01A03, A01A24, A02, A03, A24, B07, B08, B27, B44, B58, B62), mostly due to the fact that certain HLA-A alleles were found to have peptide-binding repertoires with overlapping supertype specificities thereby resulting in newly defined A01A03 and A01A24 supertype categories. This revised classification of HLA-A and -B supertypes captured 99% of the allelic diversity of allograft recipients and their donors. The remaining 1% of unclassified HLA-A and -B alleles were grouped into supertypes using bioinformatics methods. 22 Two HLA-C supertypes (C1 and C2) were derived from hierarchical cluster analysis 22 with distinct amino-acid fingerprints in protein structure for HLA-C1 (Ser
77
) and -C2 (Asn 77 ), which also coincide with killer Ig-like receptor binding specificities for HLA-C. 23 The grouping of HLA-DRB1 alleles into supertypes was accomplished according to previously described in-silico methods on the basis of common structural and functional features of HLA class II molecules. 24 The significance of alternative supertype designations and individual supertype effects was further assessed in the post-hoc exploratory analysis.
Study endpoints
The primary comparison between the 7/8 supertype-matched and 7/8 supertype-mismatched allografts was conducted across major clinical endpoints including overall survival, disease-free survival, relapse, treatment-related mortality, acute GVHD, chronic GVHD, and time-to-neutrophil recovery (absolute neutrophil count ≥ 0.5x10 9 /L). Overall survival corresponded to the time from transplantation to death from any cause and surviving patients were censored at the time of their last follow-up. Disease-free survival was defined as the time between transplantation and relapse or death from any cause; patients who remained alive and in remission were censored at the time of their last follow-up. Clinical relapse of the primary disease and treatment-related mortality were defined by established CIBMTR criteria with the latter defined as death while in continuous remission. Relapse was therefore considered a competing risk endpoint for treatmentrelated mortality, and treatment-related mortality was considered a competing risk for relapse. The onset of grades II-IV or III-IV acute GVHD was determined based on the Consensus criteria 25 while the onset of chronic GVHD was determined based on the Seattle criteria. 26 Neutrophil engraftment was defined as time-toneutrophil recovery. Death was considered a competing risk endpoint for engraftment and GVHD.
Statistical analysis
Descriptive frequency estimates and comparisons for HLA alleles and supertypes as well as non-HLA study variables were obtained through the standard methods of categorical and continuous data analysis. Univariate probabilities for overall and diseasefree survival were calculated using the Kaplan-Meier estimator, 27 whereas probabilities of treatment-related mortality, relapse, acute GVHD, chronic GVHD, and neutrophil engraftment were calculated as cumulative incidence rates while accounting for competing risks. 28 Survival curves were compared by the log-rank test. Multivariate models for overall survival, disease-free survival, relapse, treatment-related mortality, acute GVHD, chronic GVHD and neutrophil engraftment were built using Cox proportional hazards models. All clinical variables were tested for the affirmation of the proportional hazards assumption. Variables that were found to violate this assumption were adjusted for by stratification. Final outcome-specific models were developed using a stepwise model building procedure with the threshold of α=0.05 for both entry and retention of co-variates in the model. Main variables, including HLA supertypes, were forced into the models with the interactions between the main variables and the adjusted covariates being tested at the significance level of α=0.01. Given the multiple testing, P values <0.01 were considered statistically significant.
Results
HLA class I and II alleles and supertypes
For 1934 recipients of 7/8 MMUD alloHCT, single-allele mismatches occurred within the HLA-A (36%), -B (17%), -C (37%), and -DRB1 (11%) loci. Individual HLA-A, -B, -C, and -DRB1 allele-level mismatches were matched by corresponding HLA supertypes in 38%, 71%, 51%, and 75%, respectively (Table 1 ). Overall, supertype-level matching at any one of the four HLA loci was observed in 52% of study subjects.
Non-HLA characteristics
Baseline patient and clinical characteristics are summarized in Table 2 . In brief, the patients' median age was 35 years (range, 1-70), and less than 20% of the study population was of non-Caucasian background. Acute myeloid leukemia and acute lymphoblastic leukemia accounted for 76% of all hematologic malignancies with over half of patients classified as having intermediate or advanced risk disease. Peripheral blood stem cell allografts were used in 56% of all transplant procedures. Conditioning regimens for alloHCT included total body irradiation in 58% of cases, whereas anti-thymocyte globulin or alemtuzumab was incorporated into conditioning regimens in 36% of cases. The majority of GVHD prophylactic regimens included tacrolimus (62%) or cyclosporine (36%). The median follow-up of surviving patients was 54 months (range, 3-149) after alloHCT. In the crude comparisons of supertype-matched (any locus) versus -mismatched 7/8 allografts, significant differences were observed in underlying hematologic malignancies, conditioning regimens and timing of alloHCT (all P<0.01). Specifically, the supertype-matched group contained a greater proportion of total body irradiation-based conditioning regimens (62% versus 54%, P<0.001) and a smaller proportion of in vivo Tcell-depleted grafts (32% versus 40%, P<0.001). Supertypemismatched grafts were also more common in recent years (P<0.001).
HLA supertype-matched and -mismatched outcomes
Univariate analyses of post-transplant outcomes based on HLA supertype matching are summarized in Table 3 . Recipients of HLA supertype B-mismatched allografts (n=62) had a significantly higher cumulative incidence of grade II-IV acute GVHD than did recipients of HLA-B supertype-matched (n=174) allografts (67% versus 47%, respectively) ( Figure 1 , log-rank P=0.007). This association was primarily driven by an excess in grade II acute GVHD as no difference was found in the incidence of severe grade III-IV acute GVHD with supertype-B mismatching. The independent effect of HLA-B supertype matching on grade II-IV acute GVHD was confirmed by the multivariable analysis [hazard ratio (HR)=1.78; 95% confidence interval (CI), 1.23-2.59; P=0.0025] adjusting for age, gender, disease type, ABO-mismatch, graft source, and in vivo T-cell depletion (Figure 3) . No other class I supertype mismatch (including supertype mismatch at any locus) was found to be significantly associated with any of the study endpoints (engraftment, chronic GVHD, relapse or death) at the pre-specified statistical threshold.
HLA-B supertype mismatches involving B07-B44, B27-B44, and B07-B62 were found to be the most prevalent and these individual mismatches were subsequently examined in the post-hoc analysis for their association with acute GVHD. In contrast to all other HLA-B mismatched supertypes, B07-B44 mismatched allografts were associated with a higher incidence of both grade II-IV (HR=3.11; 95% CI, 1.54-6.28, P=0.002) and III-IV acute GVHD (HR=3.15; 95% CI, 1.30-7.65, P=0.01).
HLA supertype matching in alloHCT haematologica | 2016; 101 (10) 1269 Although HLA-DRB1 supertype-mismatched transplants (n=51) were associated with faster neutrophil engraftment (median 12 versus 16 days, Figure 2 ), this early difference in engraftment kinetics was not evident by day 28 after the transplant (94% versus 90%, P=0.4) . Notably, the relatively slower neutrophil engraftment among HLA-DRB1 supertype-matched allograft recipients had no adverse influence on treatment-related mortality or other major post-transplant outcomes. On the contrary, mismatching at HLA-DRB1 supertypes was associated with a trend towards higher treatment-related mortality (HR=1.64; 95% CI, 0.99-2.74, P=0.057) and inferior overall survival (HR=1.58; 95% CI 1.04-2.38, P=0.037) compared to that associated with HLA-DRB1 supertype-matched allografts.
Discussion
In this large registry analysis of the CIBMTR database of single allele mismatched myeloablative allografts, we found a significant increase in the hazard of grade II-IV acute GVHD among HLA-B supertype-mismatched compared to HLA-B supertype-matched recipients of 7/8 MMUD allografts. Allele-level 7/8 HLA-B mismatch was proven in the past to be associated with a higher incidence of acute GVHD compared to 8/8 HLA-match [estimated 28% (95% CI, 26%-30%) incidence of grade III-IV acute GVHD]. 12 In our cohort, the cumulative incidence rates of grades II-IV and III-IV acute GVHD among HLA-B allele-MMUD allograft recipients were 53% (95% CI, 48%-59%) and 31% (95% CI, 25%-37%), respectively. This study has further extended the significance of HLA-B mismatch in regards to acute GVHD at the supertype level for 7/8 allele-mismatched allografts. This observation conforms to our primary hypothesis of adverse post-transplant outcomes with mismatched HLA supertypes and it further supports the notion of increased alloreactivity with HLA-B supertype-mismatched 7/8 MMUD transplants as opposed to supertype-level mismatches at HLA-A, -C, or -DRB1 loci.
There are several possible explanations for our findings. First, HLA-B alleles in humans have the highest degree of described polymorphism relative to other class I or II alleles, 29 likely as a result of the evolutionary pressures from various infectious pathogens. The contribution of HLA supertypes to immune-mediated responses against a number of viral infections was well established by prior studies. [5] [6] [7] [30] [31] [32] It is therefore possible that early post-transplant inflammatory responses mediated by mismatched HLA-B supertypes could perpetuate alloreactive immune responses such as acute GVHD. Although addressing this hypothesis was beyond the scope of this study, this could be tested in future studies. Second, it is possible that the supertype categorization algorithm used in this study could have obscured some of the underlying true associations between class I and II supertypes with major clinical outcomes after alloHCT. Considerable diversity and a variable degree of overlap exist between major HLA class I and II supertype classifications. In this study we used the revised supertype assignment algorithm proposed by Sette and Sidney for HLA class I A-and B-supertypes. 21 As opposed to other alternatives, [33] [34] [35] [36] [37] our chosen algorithm provided successful supertype classification for the entire study population with most of the HLA-A and -B alleles classified based on experimentally established motifs in epitope-binding pockets of HLA molecules. Our supertype assignment strategy therefore ensured the most stringent selection of corresponding alleles, and by doing so it strengthened the internal validity of the study. In addition, our post-hoc exploratory analysis of alternative HLA-A, -B, HLA supertype matching in alloHCT haematologica | 2016; 101 (10) 1271 ), or significant overlap between our supertype assignment algorithm and other classifications such as those proposed by Lund 36 or Doytchinova. 22 Furthermore, accounting for the mismatch vector direction (i.e. graft-versus-host or host-versus-graft) did not further influence or enrich the findings from this study.
Future practical implications of HLA-B supertypematched donor selection of 7/8 HLA-B MMUD allografts can be expected to lower the incidence of grade II-IV acute GVHD for a modest fraction (5%) of all 7/8 MMUD HCT according to the donor selection practices reflected in this study. Avoidance of B07-B44 supertype mismatches should be interpreted with caution given the small number of allografts (n=9) in that subset analysis of the individual HLA-B supertype mismatches. Nevertheless, all but one B07-B44 supertype mismatched allografts were complicated by grade II-IV acute GVHD with over half classified as severe acute GVHD.
Major limitations of this study are inherent to its retrospective design and in statistical challenges of analyzing multiple endpoints across various HLA class I supertypes. Consequently, we found faster neutrophil engraftment among HLA-DRB1 supertype-mismatched allograft recipients than among HLA-DRB1 supertype-matched allograft recipients to be more controversial and difficult to explain. Although recipients of HLA-DRB1 supertype-mismatched allografts achieved neutrophil recovery on average 4 days earlier, they demonstrated a trend towards inferior overall survival. Notably, the median estimated time of neutrophil engraftment for DRB1-matched supertypes (16 days), which accounted for 75% of all 7/8 DRB1 allelemismatched allografts, was overall comparable to data reported for 8/8 MUD HCT. 38 In contrast, DRB1 supertype
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1272 haematologica | 2016; 101(10) mismatches accounted for only 2.6% of all 7/8 MMUD HCT in this study thereby raising the possibility of a random effect in lieu of a less plausible cause-and-effect relationship between DRB1 supertype mismatch and neutrophil engraftment kinetics. Further studies are needed to provide definitive guidance on incorporating DRB1 supertype matching in donor selection algorithms as increased treatment-related mortality and inferior overall survival, albeit not statistically significant in this dataset, are concerning. This large observational study has provided the first evidence of "permissible" supertype-based donor selection of optimal 7/8 MMUD for myeloablative alloHCT. Pending validation in an independent dataset, our findings suggest that avoiding HLA-B supertype mismatch can serve as a novel strategy to mitigate the risk of grade II-IV acute GVHD in 7/8 MMUD HCT when multiple potential HLA-B supertype-matched donors are available. This study offers new insights and testable hypotheses for future studies on the role of HLA supertypes among recipients of reduced intensity MMUD HCT and recipients of other mismatched alternative donor allografts such as umbilical cord blood or haploidentical HCT.
